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The effects of high gain in an FEL optical klystron 
E. Kelsey, J. Blau *, D.D. Quick, R.K. Wong, W.B. Colson 
Physics Department, Namzl Postgraduate School, Montereyq CA 93943, USA 
Currently under construction in Novosibirsk, Russia, is 
a high-average-power FEL which will be used to test the 
theories and technologies required for the Space Laser 
Energy Project (SELENE) proposed for installation at the 
Naval Air Warfare Center, China Lake, California. This 
project uses a three-section klystron undulator in an FEL 
oscillator to bunch the electrons provided by a race-track 
microtron-recuperator [11. The electrons are then injected 
into a separate undulator acting as a “radiator” to create a 
high-power source to be directed to satellites for electrical 
power transmission. The separate “oscillator” and “radia- 
tor” are required for high average power without damage 
to optical elements. The optical klystron improves gain 
with low electron beam currents and weak fields [2], and 
the high gain optical klystron can reduce the undulator 
length [3-51. In this study, the use of the high gain 
klystron oscillator is intended to cause early saturation in 
relatively weak optical fields to prevent mirror damage. 
Simulations using FEL theory based on a self-con- 
sistent solution of the coupled Maxwell-Lorentz equations 
to describe the evolution of the optical field and electron 
motion were used to investigate the effects of high gain in 
a standard two-section optical klystron. Dimensionless pa- 
rameters [2] were used in the simulations, such as the 
dimensionless time 7, the electron phase 5, the phase 
velocity L’ = dc/dT, the dimensionless current density j 
and the optical field amplitude 1 a 1. These simulations 
produce a gain spectrum at the end of a single pass 
through the undulator (T= 1). Simulations are run at the 
resonance condition for maximum gain to determine the 
final optical power and bunching capability produced by a 
single pass of an electron beam passing through the 
klystron. 
The FEL klystron is designed to improve electron 
bunching, or FEL gain, in weak optical fields and to 
shorten the total length of an undulator. The normal FEL 
klystron consists of two equal sections of undulator sepa- 
rated by a dispersive section. The optical fields of the first 
undulator, or “modulator”, prepare the electrons for 
bunching as they enter the dispersive section. The second 
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undulator, or “radiator” then allows the bunched electrons 
to radiate coherently. In the dispersive section, the electron 
phase c is modulated by A[= LID, where D = N,/N is 
the dimensionless time of the drift, and No is the number 
of equivalent undulator periods. A dispersive section is 
located at T = 0.5 for the normal two-section klystron, and 
at 7= i, T= $ for the three-section klystron [2]. 
The parameters used in the simulations of the two-sec- 
tion klystron were chosen to resemble the parameters for 
the Novosibirsk design with three sections [6]. The elec- 
tron beam consists of micropulses of 20 to 100 ps in 
duration with a 2 to 4.5 MHz repetition frequency and a 
peak current of 20 to 100 A. The Novosibirsk oscillator 
uses three identical undulator sections with wavelength 
h,, = 9 cm and N = 40 periods. Each undulator is sepa- 
rated from the next by a dispersive section with D = 0.67. 
With a Lorentz factor of y = 100 and an undulator parame- 
ter of K = 1.4 [2], the resulting optical wavelength is 13 
km. The average filling factor is F = 0.023 resulting in a 
dimensionless current density of j = 100. 
Fig. 1 shows the gain spectrum for a standard two-sec- 
tion klystron with low gain, j = 1, and a weak initial 
optical field of a0 = 0.01. A single dispersive section with 
D = 1.34 is located at T= 0.5. The periodicity of the 
spectrum with respect to the initial phase velocity 13,~ can 
make the oscillator gain sensitive to electron beam quality. 
In the weak-field regime, a,, < n, the optical field strength 
does not affect the gain spectrum. The ratio of maximum 
gain with the klystron to the maximum gain without the 
klystron is approximately 4. 
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Fig. 1. Two-section FEL klystron gain spectrum. Low input 
current. low optical fields. 
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Fig. 2. Two-x&on FEL klystron gain spectrum. High input 
current, low optical fields. 
Fig. 2 shows the gain spectrum for the same oscillator 
with j = 100. The maximum gain has increased drastically 
over the low-current case. As j increases, the shape of the 
klystron gain spectrum begins to approach that of a high- 
current non-klystron FEL. This provides for less sensitivity 
to changes in the electron beam energy. For j = 100, the 
klystron produces about 9 times more gain in weak fields 
than would be obtained without a klystron. 
The advantages of the FEL klystron for weak-field 
conditions are readily apparent. The high gain is a valuable 
boost for those FELs with low gain. However, for SE- 
LENE, the high gain appears to produce optical fields in 
excess of the damage limitations of the optical elements 
under continuous operation. 
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However, as the optical field is increased into strong 
field conditions, the klystron becomes less effective at 
improving the gain. As the optical field is reflected by the 
mirrors and used for subsequent electron pulses, the high 
gain of the optical klystron will produce strong field 
conditions. The gain spectrum of the same FEL with 
a,, = 1.0 and j = 100 shows a decrease in maximum gain. 
The final dimensionless optical field strength for a single 
pass is a, = 23 and is well into the strong-field regime. 
The final gain is now only 7 times greater than it would be 
without a klystron, and continues to drop as stronger 
optical fields are reached. 
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In order to minimize the damage to the mirrors at [6] D. Quick, Simulations of the High Average Power SELENE 
Novosibirsk, the incident optical power on the mirrors 
must remain below about 10 kW/cm’. Using a maximum 
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power density of 5 kW/cm’ results in a maximum dimen- 
sionless optical field strength of 1 a 1 = 8. With the high- 
current gain produced by the FEL klystron, this limit will 
be exceeded rapidly under continuous operation. 
Comparison between the three-section klystron and the 
two-section klystron with similar parameters produced no- 
ticeably different gain spectrums. 
